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TIME RESOLVED MEASUREMENTS OF DROPLET GROWTH 
IN A WILSON CLOUD CHAMBER 
Abstract 
The growth rates of water drops in a Wilson expansion cloud 
chamber are measured with air, argon and helium as the carrier gas, 
ii 
in the size range of .5 to 10 microns. The drops growing in the super-
saturated chamber exhibit oscillations in the scattered intensity as 
predicted by Mie theory. Scattered intensity is measured at 30 degrees 
to the He-Ne laser beam. Supersaturation ratios during growth range 
from S = 1.2 to S = 3.5 for all three gases. The initial temperature 
is measured and the pressure is monitored continuously so that droplet 
growth theory can be compared with experiment. 
Three droplet growth theories were examined, which were chosen 
as representative of published work. Two of the theories used the 
sticking coefficient alone as a parameter, while the third used both 
sticking and thermal accommodation coefficients. No interpretation 
of the numerical value of the sticking coefficient could be made. In 
/ 
the theory invoking sticking and thermal accommodation coefficients, 
the former was set to 0.035 in line with other work and the thermal 
accommodation coefficient fitted as a parameter. The thermal accom-
modation coefficient was greatest for air and smallest for helium. 
iii 
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I. INTRODUCTION 
The diffusive growth and evaporation of liquid water droplets 
is a topic of obvious importance in the study of cloud-physical phe-
nomena. Growth and evaporation processes contribute greatly to vapor 
and heat budgets of clouds. Although, a number of theories on this 
subject have been published, the absence of accurate experimental 
measurement of droplet growth and evaporation rates has inhibited 
close scrutiny of these theoretical descriptions. 
1 
In the experiment to be described, water droplet growth rates 
were measured in argon, helium, and air for various supersaturations, 
and compared with three selected theories. These theories are selected 
to represent samples of the published work. 
Droplet growth can be measured in diffusion and expansion cloud 
chambers. The diffusion chamber establishes a vertical supersaturation 
profile from which the rising droplets obtain vapor. Experimentally, 
the supersaturation at the drop•ssurface, for a diffusion chamber, can-
not be accurately known. The expansion cloud chamber, on the other 
hand, produces a uniform supersaturation throughout the chamber. The 
center of the cloud chamber remains adiabatic for some time due to the 
poor thermal conductivity of the carrier gas. Detection of droplet size 
is usually done by light scattering. For ten micron and larger diameter 
drops, photographic techniques work quite well to determine size. At 
smaller sizes, droplet images are recognizable, in which droplet con-
centrations can be obtained. Droplet counting was employed in the vapor 
depletion experiments of Grayson and Carstens. 1 In this experiment, 
2 
differences in nucleation rates were attributed to vapor depletion 
which was due to droplet growth. There are available commercial 
particle analyzers, but these instruments require calibration, large 
drop densities and continuously remove drops from the experimental 
system. Ten percent accuracy represents the lower limit for commercial 
particle analyzers with 20 percent being the norm. The measurement is 
impossible with this kind of instrument when supersaturation is large. 
Time resolution of droplet sizes in cloud chambers has been 
done by measuring the attenuation of two wavelengths in time and com-
paring to characteristic variations in the scattering coefficient.2 
This technique works quite well over less than an order of magnitude in 
size change. Total cross-section measurements can be made, but if the 
drops are too widely distributed in size and at the same time changing 
their average size, this kind of measurement is difficult. 
The experiment consisted of measuring light scattered at an 
angle of 30 degrees, during droplet growth. A vertically polarized 
He-Ne laser was used as the source. The changing drop size imposes a 
series of oscillations in the scattered intensity. These fluctuations 
were recorded and compared to a graph of the exact solution of the 
scattered intensity as a function of the radius. This graphical inver-
sion resulted in a plot of radius versus time. The size of the drops 
in the experiment ranged from .45 to 10.0 microns. The lower limit 
was determined by the wavelength of the laser and the upper limit by 
the onset of turbulence and drop fallout in the cloud chamber. 
In order to make comparisons with theory, the initial tempera-
ture was measured and the pressure continuously recorded during the 
3 
experiment. These quantities allowed calculation of the thermodynamic 
variables pertinent to evaluation of the droplet growth theories. 
II. EXPERIMENTAL APPARATUS 
Figure 1 is a block diagram of the experimental system developed 
to accomplish the measurements described below. This system consists 
of two basic components: (1) the cloud chamber to produce the droplets 
and provide the desired supersaturation for the growth period and 
(2) the optical system used to observe the scattered light. 
A. Cloud Chamber 
The cloud chamber and control circuitry was a duplicate of that 
used by Kassner et a1. 3 
The water droplets for all of the data were generated by homo-
geneous nucleation. For the argon and helium data, the droplet growth 
rates were measured immediately following nucleation of the water drop-
let. Nucleation was terminated by a compression that reduced the 
supersaturation to a value less than the critical supersaturation for 
homogeneous nucleation. 
Figure 2, a typical data run, shows the cloud chamber pressure 
as a function of time in the trace labeled E. This expansion was 
typical for the experiments performed in argon and helium. For the 
case of air, the expansion must be larger because of the smaller ratio 
of specific heats. A much wider initial size distribution was gener-
ated whose effects on the data will be discussed in IV C. In order to 
obtain data in air, re-evaporation nuclei were formed from a homo-
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The large compression heats the gas causing the droplets to evaporate 
and form small nuclei through the action of the memory effect. A 
second expansion sometime later reactivates growth on these nuclei, 4 
from which the air data was taken. The spread in size was found to be 
much smaller than for argon and helium. 
A strain gage pressure transducer monitored the pressure in 
5 
the cloud chamber continuously, and a thermocouple was used to measure 
the initial temperature. The temperature and pressure information were 
digitized and fed to a Wang computer. The pressure was also displayed 
on a multichannel oscillograph: the trace labeled E in Fig. 2. 
An 1800 volt clearing field to prevent nucleation on ions was 
maintained across the chamber at all times, except during the nucleating 
expansion. 
B. Light Scattering Equipment 
The laser used in this experiment was a Spectra Physics model 
125 operating at 632.8 nm wavelength, spatially filtered and expanded 
to 2.5 em. diameter. The 30 degree scattering detector was a Whittaker 
Corporation E.M.I. #5998 tri-alkali cathode photomultiplier housed in 
an Electro-Optics coolable photomultiplier housing operated at room 
temperature. A silicon solar cell was used to measure the attenuation 
of the beam by the droplets. The voltage outputs of the photomultiplier 


































C. Data Acquisition 
Experimental data were acquired by the oscillograph and Wang 
computer. The oscillograph presentation, shown in Fig. 2, displays 
7 
the scattering data on traces labeled A and B. Trace A is amplified 
five times more than trace B. In order to achieve the one-to-one 
correspondence to the computed solution of the intensity, it is im-
portant to recognize the first peak in the scattering data. The 
sensitive trace A serves this purpose, and the time of the maxima and 
minima are measured from trace B. Trace C displays the attenuation of 
the laser beam which is due to scattering by the droplet population. 
Trace D is a marker that indicates the time at which the Wang computer 
acquired the pressure in the cloud chamber. Zero time was chosen, for 
argon and helium experiments, to be at the peak supersaturation. For 
the air experiments, time zero was chosen at the start of the secondary 
expansion. 
III. DROPLET GROWTH THEORIES 
The size of a water drop found in the atmosphere can vary 
from lo-3 microns at nucleation to lo+4 microns as rain. The theory 
of droplet growth attempts to describe the growth process between 
these extremes. Growth or evaporation of a water drop results from 
the quasi-static processes of heat and water vapor diffusion. The 
water drop grows due to condensation of vapor whose latent heat must 
be conducted away by the medium. Heat diffusion depends fundamentally 
on the transfer of energy.by the gas molecules adjacent to the drop•s 
surface and vapor diffusion depends on the probability that a vapor 
molecule hitting this surface will become part of the liquid drop. 
8 
At present, the detailed knowledge of heat and vapor diffusion at the 
surface of the drop is not known. Parameterization using a thermal 
accommodation coefficient in the heat flow process and sticking coeffic-
ient in the vapor diffusion process have been employed. These para-
meters modify the thermal conductivity coefficient and the binary dif-
fusion coefficient. 
The data generated in the experiment is compared to three theories. 
The first is found in the recent publication of Fukuta and Walters. 5 
The second is a modification of Maxwell's theory6 by Fuchs. 7 The third 
is based on effusive growth and except for the sticking coefficient, has 
the same algebraic form as Maxwell's. In the size range of this experi-
ment, the effects of surface tension and pressure over a curved surface 
{Kelvin effect) are not important. 
The Fukuta and Walters5 expression for droplet growth uses 
sticking and accommodation coefficients to describe the molecular and 
energy transfer across the interface. The integrated form is: 
r2-r 2+2{r-r )[Ala+Bla] = 2{5-l)~t 
o o A+B A+B (l) 
The drop initially at r 0 grows in the time interval, ~t, to size r, 
S is the supersaturation, A is a term involving mass transport, B in-
volves the thermal conduction process. These terms are defined by: 
{2) 
where Poo is the saturation vapor density far from the drop, D is the 
diffusion coefficient of water vapor through the gas, l is the latent 
heat of condensation, M is the gram molecular weight of water, R is 
9 
the ideal gas constant, Kc is the thermal conductivity of the carrier 
gas and Too is the temperature far from the drop. 
The factors la and ls are functions of the sticking and thermal 
accommodation coefficients, and are defined as: 
(3) 
where Cv is the specific heat, and Mm is the molecular weight of the 
gas. The sticking or condensation coefficient, a, is the probability 
that a molecule hitting the drop surface will remain part of the con-
densed phase. Thermal accommodation, s, accounts for energy transfer 
between the water drop and gas. 
Theory number two will be called semi-classical. 8 The semi-
classical theory considers the drop as having a discontinuity in vapor 
density, about one mean free path in length, near the surface. This 
concept, introduced by Langmuir, results in the employment of a 
sticking coefficient. The droplet growth rate obtained from the diffusion 
of vapor toward the drop is: 
Dr(Spoo-p 0 ) 
1 + Q_ Vr 
(4) 
where V = av0/4, a is the sticking coefficient and v0 is the average 
velocity of a water molecule. An expression for p 0 , the vapor density 
at the droplet•s surface must now be considered. Assuming the Clausius 
Clapyeron equation for vapor pressure-temperature relation and the 
ideal gas law, we have: 
10 
(4a) 
where T0 is the temperature at the drop's surface, Too that of the medium. 
Forming the ratio: 
~ = exp(kJ1-(_l - _1 ) ) -
Poo R T0 Too 
Defining ~T =Too- T0 , the above expression yields: 
Po 
If the latent heat is conducted away, then: 




where Too is the temperature far from the drop. Combining the last two 
expressions yields: 
P L2M d 0 
- 1 + r.J:. 
-- RK T2 dt poo C oo 
(4e) 
This expression is substituted into equation 4 and integrated to yield: 
2(r-r0 ) r2 _ r 2 + _____ = 2(5-l)~t 
0 M A+B (A+B)(a- p s) p 00 
(5) 
-~ where s = (2nMRT ). Equation 5 is the form used in the comparison 
00 
for the semi-classical theory. 
The third theoretical approach to the problem of droplet size 
is an expression presented by Schuster:9 
r2 = r 2 + 2(5-l)~t 




In this expression, all symbols are the same as the previous theories. 
The sum appearing in the denominator represents the influence of mass 
and thermal transport, as before, in the growth or evaporation process. 
Without a in the mass transport term, this expression is exactly the 
same as Maxwell's. 
IV. MEASUREMENT OF DROPLET GROWTH BY INVERSION OF LIGHT SCATTERING 
DATA 
A. Formulation 
The theoretical result for light scattering is a rigorous solu-
tion to Maxwell's electrodynamic field equations for the case of a sphere 
illuminated by a plane wave, originally solved by G. Mie. 11 The so-called 
Mie scattering theory applies to a single particle, and the application 
of the result is valid for many particle systems where multiple scat-
tering is not present.l 2 The possibility of a frequency shift in the 
scattered light is not considered here. The mathematical details of 
the theory can be found in Born and Wolf. 13 For this experiment, the 
scattering angle is fixed at 30 degrees. 
The program to calculate the light scattering functions was 
supplied through the courtesy of Dr. John De Luisi, of the National 
Center for Atmospheric Research and was modified to run on the I.B.M. 
360 machine at the University of Missouri at Rolla. 
B. Resolution 
The total intensity arriving at the detector is the integral 
of the scattered intensity over the angle · subtended by the slit of 
the detector. A study of the influence of the slit width on the scat-
tered intensity was done by calculating the scattered intensity for 
12 
two slits of angular widths of 3.16 and 1.58 degrees. Both slits were 
centered at 30 degrees. Figure 3 displays the results of the compu-
tations. The upper curve is for the smaller slit, the dashed line at 
the larger sizes corresponds to zero slit width. The lower curve is 
for the wider slit. The ordinate on both curves is relative; the wider 
slit's curve is displaced lower for clarity. The smaller slit width 
was chosen for the experiment because of the better overall resolution. 
In comparing the two computations, one finds that from small 
sizes up to about 5.0 microns, the zero slit width, 1.58 and 3.16 
degree slits agree exactly in peak position and relative maxima and 
minima, with slight washout occurring on the 3.16 degree slit. Beyond 
five microns, a washout region occurs in both slits, where maxima and 
minima are not well defined. For the wider slit, this region is at 
4.8 to 5.4 microns; the resolution increasing for larger radii. The 
washout region for the smaller slit begins at 11.4 microns, and im-
proves after 14.0 microns. In this latter case, the resolution is 
superior in the washout region, with the position of only one peak in 
doubt. Figure 3 also shows that the abscissa value for the peaks of 
the finite slit widths begins to shift for radii greater than the wash-
out regions. 
From an expanded graph of Fig. 3, the position of the maxima 
and minima can easily be estimated to within .25 microns for radii 
















RADIUS IN MICRONS 
FIG. 3. The Effect of Slit Width on the Mie Peaks 
16 
21 22 
A -Slit Width= 1.58 deg 
---Slit Width of Zero Angle 
B Slit Width= 3.16deg 
All are centered at 30 deg. 
...... 
w 
Table I lists the maximum and minimum values for the first 
37 peaks. The radii values are in microns, with 632.8 NM wavelength 
incident radiation. 
C. Size Distribution Influence 
14 
The influence of a polydisperse distribution is how considered. 
If F{r) is the size distribution, then the total number of particles 
is given by: 14 
N = F(r)dr. (8) 
The limits of the integral range from the minimum to maximum size. 
At any time, the scattered intensity from a collection of drops is pro-
portional to the product of the number of drops at a particular size and 
the scattered intensity for the particular size. For the whole size spec-
trum, the intensities are additive or: 
rmax 




where Re[P(r)] is the real part of Poynting's vector, and A is a constant. 
Inversion of the integral in equation 9 to yield the size dis-
tribution is not, in general, possible from a measurement of the scat-
tered intensity. Hence, the Gaussian Normalized distributionlO as de-
fined by: 
F{r) (10) 
is assumed and its influence on the resolution of the scattering 
15 
TABLE I. The Maximum and Minimum Radii Values for the First 37 Peaks, 




















































































































information analyzed. This is a two-parameter distribution where 
both a, the variance, and r0 , the mean, change with time. Equation 9 
becomes: 
r max 
/2; a(t) ~ exp(-(r-r0 ) 2/2a2)Re[P(r)] 
rmin 
I = 
For 98 percent of the population to be included in the integral re-
quires that: 
r = r +2a max o-
min 
Figure 4 displays the effect of this distribution on the 
structure of the first four Mie peaks. As sigma increases from ·.005 
to .10, a loss of structure occurs. When sigma is .2, the scattering 
structure is not present. From this observation, it is proposed that 
the size spread can be measured by forming ratios of the maximum and 
minimum intensity for each peak, as calculated from equation 11, and 
comparing to the ratio of the measured maximum and minimum intensity. 




The calculations of equation 11 were also carried out for several 
other peaks. From the experimental data, the same ratios are formed 
from the maximum and minimum for each peak. The effective variance is 
then inferred for the specific peak by interpolation from the calcu-
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RADIUS IN MICRONS 
FIG. 4. The Effect of a Gaussian Distribution on the First Four Mie 
Peaks 
18 
TABLE II: Ratio Values of Maxima to Minima 
Sigma PEAK 1 PEAK 2 PEAK 3 PEAK 4 
r 0=.45 microns r0=.925 microns r0=1.40 microns r 0=1.80 microns 
.0001 2.059 4.112 5.564 2.722 
.001 2.059 4.0995 5.562 2.721 
.005 2.059 4.068 5.501 2.705 
.010 2.041 3.939 5.294 2.784 
.050 1.570 3.452 2.683 2.384 
.060 1.417 2.144 2.369 2.0189 
.070 1.276 1.952 2.095 1.897 
.080 1.145 1.754 1.815 1.651 
.090 1.022 1.5832 1.588 1.467 
.100 .915 1.422 1.413 1.320 
.125 • 719 1.161 1.107 1.000 
.150 .597 .980 .933 .823 
.175 .534 .878 .846 
V. Experimental Results 
Experimental growth data was obtained for several values of 
supersaturation in air, argon, and helium. This section discusses drop-
let growth in these gasses, the theoretical curves and parameters, anal-
ysis of the differences in experimental data, estimation of the size dis-
tribution and finally, how the data can be used.to measure the tempera-
ture of the drop. 
The experimental growth rates and theoretical calculations are 
presented in Figs. 5 to 19. Table III, below, summarizes the parameters 
employed by the theories which yielded the best fit to the data. The 
discussion of the numbers in Table III is in Section D. Appendix I at 
the end of the text contains tables of data not plotted in Figs. 5 to 
19. This is about half of the data actually taken. The thermodynamic 
parameters relative to each run are also presented. 
19 
A. Growth in Air 
Figure 5 illustrates the procedure used for obtaining the radius 
of the droplet. In Fig. 5, there is a time associated with each maximum 
and minimum of the experimental data. Thus, the radii and times are 
read directly. The intensities are normalized at the seventh maximum. 
In this case, typical of the air data, the structure of the maxima and 
minima typical of the experimental data is well resolved, indicating a 
very monodisperse population of droplets. The experimental data agrees 
reasonably well with the computed curves over three orders of magnitude 
of intensity, which indicates that the total number of droplets viewed 
by the detector is fairly constant. As long as the oscillations can be 
observed, the radius values can be determined independently of size dis-
tribution and intensity calibration of scattering detector. Figure 6 
is for the highest growth supersaturation without inducing homogeneous 
nucleation, and Fig. 9 is approaching the lower supersaturation limit 
of the experimental equipment. 
For the air data, the diffusion coefficient was obtained from 
Fuller et al., 22 the thermal conductivity from the International Crit-
ical Tables,23 and latent heat temperature dependence from Mason.24 
B. Growth in Argon 
Figure 10 is typical of the scattering data obtained for growth 
in argon. Argon data taking procedure differed from that of air in 
that growth measurements were taken immediately following the homo-
geneous nucleating expansion. The structure of the oscillations is 
washed out more than the air data, indicating greater size dispersion 
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as before. The lack of agreement of the intensity in Fig. 10 is due 
to the changing number of drops viewed by the detector. This will be 
discussed below. The oscillations, in particular the first peak, are 
readily discernible. 
Figures 11 to 14 are the results of the comparisons to the 
three theories for argon. Figure 11 is for the highest supersaturation, 
just short of that required to produce new homogeneous nucleation. 
Figure 14 represents the lower limit. In Figs. ll and 12 the Fukuta 
Walter and semi-classical theories agree almost exactly. Figures 13 
and 14 are folded to accommodate the size of the graph. Droplet growth 
for these lower supersaturations in argon is the slowest encountered 
in the experiments. The black dots in Fig. 14 represent all of the 
experimental data points. The diffusion coefficient is from Fuller 
et al., 22 thermal conductivity from V. G. Fastouskii 25 and latent heat 
from Mason. 24 
C. Growth in Helium 
Figure 15 displays typical scattering for helium normalized to 
peak 7 as before. As indicated in this figure, the spread in sizes is 
wider than for argon. The growth measurements were taken following 
homogeneous nucleation, as in argon. The difference in size distri-
bution is attributed to the thermal conductivity and diffusion character-
istics of helium. For helium, the diffusion and thermal conductivity 
allows the drops to grow very rapidly during the nucleating configur-
ation of the expansion chamber. Obtaining the growth measurements in 
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RADIUS IN MICRONS 
FIG. 10. Normalized Argon Data of Run #8 October 20, 1970 
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FIG. 11. Argon Data, Run# 8 Oct 20. Supersaturation= 3.35 
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FIG. 14. Argon Data, Run # 27 Oct 14. Supersaturation = 1.29 
31 
Figures 16 to 19 show the growth rates for helium. The faster 
growth is apparent in the steeper slopes when this data is compared to 
argon and air. Comparison between argon and helium data of approxi-
mately the same supersaturations shows droplet growth about four times 
faster in helium than in argon. Thermal conductivity of helium is 8.05 
times that of argon, thus, the thermal transport term in the three 
theories, (L2M/KRT2), is smaller for helium. The diffusion coefficient 
is about five times greater for helium, thus the mass transport term, 
(1/Dp), is again smaller. The sum of these transport terms is smaller, 
and their placement in the growth equations causes faster growth in 
helium. 
In Fig. 19 the growing period supersaturation is very low, part 
of the time its value is less than unity. Droplet growth for this case 
proceeds at a rate slightly less than that of Fig. 18, which is for a 
slightly larger supersaturation. This is not inconsistent with the 
Fukuta-Walter and semi-classical theories, but is inconsistent with 
Schuster's theory. The diffusion coefficient for helium is taken from 
Fuller et al.,22 thermal conductivity from W. T. Lick,26 and the latent 
heat from Mason. 24 
D. Discussion of Results 
The experimental data on droplet growth rates were obtained in 
three different gasses which have different thermodynamic characteristics 
with regard to thermal conductivity, binary gas phase diffusion and 
thermal accommodation. The droplet growth rates were measured over 
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FIG. 17. Helium Oata, Run# 4 Oct 31. Supersaturation= 2.02 
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FIG. 19. Helium Data, Run # 10 Nov 2. Supersaturation = 1.04 
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effects alone are presented here. The semi-classical and Fukuta Walter 
theories tend to be straight lines as plotted, for most of the reasonable 
values of sticking and accommodation coefficients. This indicates that 
the linear term in these expressions is the dominant one. The slope of 
the theoretical calculations is greater than experiment, thus the theories 
tend to allow faster than observed growth. It should be pointed out 
that the assumption of quasi-static growth may not be valid at the super-
saturations of the experiment. Sticking and accommodation coefficients 
tend to raise or lower the position of the theoretical curves relative 
to the experimental curve. 
A value of .035 for the sticking coefficient was used in the 
Fukuta Walter theory. This number is reported in the literature,l5,16,17 
and was found to yield reasonable agreement with experiment. The sticking 
38 
coefficient, for this theory, generally influenced droplet growth at 
the beginning of the growing period. An excessively large value of 
this parameter would cause very rapid growth at the beginning of the 
calculations. A value of .5 for the sticking coefficient used by 
Fitzgeraldl9 was found to be too large. 
The thermal accommodation coefficient appears only in the 
Fukuta and Walter theory. This coefficient accounts for energy trans-
fer across the interface of the gas and liquid. Thermal accommodation 
has been found to have a greater influence, than the sticking coefficient, 
on the calculations of the Fukuta and Walter theory, in terms of agree-
ment to experiment. Experimentally, the largest value is found for 
air, and the smallest value for helium. 
The sticking coefficient in the semi-classical theory is a 
phenomenological parameter. The numerical values for this parameter 
are completely unreasonable in view of other independent measurements 
of this parameter.l5,16,17 These references set a lower limit for the 
sticking coefficient at .01 for the temperature range of the experi-
ment. 
The sticking coefficient in the Schuster theory is an empirical 
parameter. The measurements of Hickmannl 7 set an upper limit for the 
sticking coefficient at .25. The numerical value of the sticking co-
efficient in the Schuster theory was found to never exceed the maximum 
value. 
E. Analysis of the Data Variations 
Some of the experimental growth curves at large supersaturations 
have a slight bend at the larger sizes. Because of the low drop den-
sities of the experiment (> 30 drops/cc typically 10 drops/cc), the 
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sudden decrease of droplet growth rates is due to a lowering of the 
supersaturation during the growing period. Supersaturation is initially 
generated by a decrease in gas temperature at the time of the expansion. 
Heat flow from the wall of the chamber decreases this temperature differ-
ence. The result is a lower supersaturation, which, as can be seen i.n 
the theoretical expressions, lowers the growth rate. Since temperature 
is not directly measured at any time after the expansion, there is no 
compensation for heat flow from the walls in the calculations. The sharp 
bend observed in the growth rates is a measure of the sensitive time of 
the cloud chamber. This measurement of the sensitive time is in agree-
ment with those of Allen and Kassner. 27 
The disagreement between theoretical and measured intensities 
of droplet growth in argon and helium, as shown in Figs. 10 and 15, is 
due primarily to the changing number of droplets viewed by the detector. 
Figure 20 displays the results of the attenuation measurement for a 
typical data run of air, argon and helium. Relative attenuation is 
plotted against radius. For low drop densities, I/I 0 = l - ~r2n£K, 
where I/! 0 is the decrease in intensity, r the droplet radius, n the 
number of drops/CC, £ the beam length and K the scattering coefficient. 
A parabolic curve is observed for the air data as shown in Fig. 20, 
but the argon and helium measurements do not exhibit the parabolic de-
pendence because of the changing drop concentration. 
An obvious difference between the argon, helium and air data 
is the initiation of growth. The resumption of growth from the re-
evaporation nuclei for the air data induces, initially, a smaller 
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is responsible for the formation of turbulence and convective motion. 
These effects are less for smaller temperature differences. 
An additional reason for the difference in the data of these 
figures is attributed to the temperature gradient of the cloud chamber. 
Using the nucleation rate of Farley,l8 assuming a one degree gradient 
vertically across the chamber and an expansion from 1200 to 900 mm Hg, 
a calculation shows 1.6 times more drops per cc forming at the bottom 
of the chamber than at the top. The temperature gradient produces a 
droplet concentration gradient when homogeneous nucleation is used 
directly as a means of producing drops. A Stoke•s law calculation 
for 10 micron size drops yields a velocity of 1.88 em/sec for helium 
and 1.06 em/sec for argon. Thus, the settling motion of the droplets 
in the medium, coupled with Hadley cell convective motion and the 
existing concentration gradient, result in a decreasing droplet popu-
lation in the detector viewing volume. The use of the re-evaporation 
nuclei technique virtually eliminated this effect because the nuclei 
distributed themselves without regard to this small temperature gradient 
and only Hadley cell effects were left. 
F. Size Distribution Estimate 
Figure 4 indicates that the spread in the distribution tends 
to fill the minima faster than trimming the maxima. Table 4 displays 
the result of the analysis, (Section IVc), proposed to infer the var-
iance of the distribution. This table is a partial complilation of the 
data illustrated in Figs. 5, 10 and 15. Only the peaks listed are ex-
amined, since study of these peaks indicates that the value of the 
variance is fairly constant over most of the experimental time. The 
average variance for the first ten peaks is about .06 for air, about 
.12 for argon, and .13 for helium. 
TABLE IV: Variance Values for Figures 5, 10 and 15 
Air Argon Helium 
Peak No. Fig. 5 Fig. 10 Fig. 15 
1 .0662 .0816 .0720 
2 .0580 • 1222 .1346 
3 .0632 .1221 • 1293 
4 .0651 . 1145 • 1198 
8 .0589 .1244 . 1346 
10 .0632 • 1230 .1507 
14 .0450 .0981 . 1567 
20 .030 .030 .1189 
Thus from equation 12, and the average sigma of .06, one finds that 
rmin = .33 microns, and rmax = .57 microns in the vicinity of the first 
peak for the air data. The argon and helium data with sigma values of 
.12 and .13 have for argon, rmin = .23, rmax = .67 microns, and for 
helium rmin = .21, rmax = .67 microns. 
When r 0 is 10 microns, the size spread ranges from 9.88 to 
10.12 microns for air. The range of the maximum and minimum sizes de-
crease relative to the centers of the distribution. In time, there-
fore, the ratio of the variance to the mean becomes smaller. 
From these considerations, the size distribution is decreasing 
relative to the mean as a consequence of the fact that the droplets 
are growing. There appears to be no other mechanism tending to change 
the size distribution. The size distribution generated at homogeneous 
nucleation is, indeed, very disperse. A tremendous size distribution 
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in condensation nuclei of the atmosphere must also exist in order to 
give the observed size distributions found at the base of clouds.l9 
G. Drop Temperature 
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One of the boundary conditions for the solution of the droplet 
growth equation is a power balance at the surface of the drop, which 
is given by: 
( 13) 
The left hand side is the power input to the drop by the condensing 
vapor. The right hand side accounts for heat flow into the medium and 
the increase in temperature of the water drop. Tr is the drop tempera-
ture at the end of time t. T~ is the temperature of the medium. L, Cp, 
and r are the latent heat, specific heat, and radius of the drop. k 
is the thermal conductivity of the medium. Calculation of values of the 
terms in equation 13 shows the second term of the right hand term and 
solving 13 for the drop temperature yields: 
T = P Lr 6r + T . 
r k 6t ~ (14) 
where p is the density of the liquid. The light scattering measure-
ment of 6r/6t provides a means of determining the temperature of growing 
drops. Figure 21 displays the results of calculations using equation 14, 
for the air data of Fig. 5. In addition, Fig. 21 shows the temperature 
of the medium due to the expansion. At end of the expansion, about a 
10 degree temperature difference exists between the drop and medium, 















0 EXPERIMENTAL POINTS 
- GAS TEt1PERATURE (T co·) 
0.6 0.8 1.0 1.2 
TIME AFTER BEGINNING OF EXPANSION (SEC.) 
1.8 
FIG. 21. Droplet Temperature Compared to the Temperature of the Medium for the Air Data of Fig. 17. 
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is small compared to the absolute temperature of the system, so that 
the approximation of Tr = T~ assumed in the theories is at least 
numerically justified. 
VI. Concluding Remarks 
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In this investigation, growth of small water droplets in the 
size range of .45 to 10 microns were accurately measured. The obser-
vations of these rates were independent of the temperature and pressure 
measurements of the cloud chamber. Pressure and temperature monitoring 
was done so that the experimental data could be compared to three drop-
let growth theories, which were selected to represent most of the pub-
lished theories. Since the growth rates were extracted from the Mie 
theory by eliminating the intensity between observation and theory, no 
calibration of the detector was required. The width of the detector's 
viewing slit was shown to greatly influence the accuracy of the measure-
ments. 
It is observed that the growth rates were found to be faster in 
helium than argon and air which was due to greater heat and diffusion 
constants for helium. The growth theory numbers showed that heat flow 
accounts for approximately 66 percent of the growth rate, in agree-
ment with earlier ideas. 20 
The Fukuta and Walter theory can be shown similar to a theory 
by Fitzgerald,l9 and a theory by Carstens and Kassner. 21 Figures 5 
to 19 demonstrate that Fukuta and Walter and the semi-classical theories 
are equivalent for the proper choice of sticking and accommodation co-
efficient. The simple theory of Schuster has a form similar to the 
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original theory of Maxwell except for the sticking coefficient. 
Sticking and accommodation coefficients were compared between theo-
ries and for various gases. It was observed that the value of the 
sticking coefficient for the semi-classical theory was too small in re-
lation to independent measurements of this parameter.l6 The sticking 
coefficient value determined in Schuster theory was just under the maxi-
mum limit set by the measurements of Hickmann.l7 In the Fukuta-Walter 
theory, the accommodation coefficient was compared between the carrier 
gases. 
The general comparisons of theory and experiment indicate, over-
all, a poor agreement. The droplet growth theories assume a quasi-
static situation exists between the drop and medium. There could be 
some question as to the application of these theories where large 
supersaturations are present. However, there appears to be no signi-
ficant improvement in the ability of theory to agree with experiment 
when one views the results from the largest to smallest supersaturations. 
The fact that the theory diverges relative to experiment indicates one 
should use caution in applying these theories to droplet growth pro-
cesses in the atmosphere. When considering the several orders of 
magnitude in size of the water drops found in the atmosphere, this 
research indicates tremendous errors could exist for calculations rel-
ative to the atmosphere. 
Distribution measurements are made on the size spectrum, and 
indicate that an assumed Gaussian Normal distribution has nearly a 
constant variance over the times of the experiment. The size distri-
bution, defined relative to the mean size, is decreasing when the 
variance is constant. Actual measurements in fogs and clouds show thit 
47 
size distributions exist, which indicates that the observed fog and 
cloud spectrums must have a very dispersed condensation nuclei spectrum. 
The size distributions become smaller as a result of droplet growth. 
It is certainly possible to investigate other distributions and to 
compare these with the data. 
48 
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This appendix contains data not in Figs. 5 to 16. The data 
is the time (seconds) of the maximum and minimum observed in the scat-
tering. This data is to be associated with Table I which tabulates 
radii of the maximum and minimum values. Each peak number generates 
two coordinate pairs in the radius vs time graphs. For example: 
from Table #1, for peak #1, the r,t coordinate pairs would be (0.45, 
.082) for the maximum and (0.65, .092) for the minimum. For this 
table, 44 coordinate pairs would be generated. 
Thermodynamic data is also presented. Pressure is given by 
the unit step function. For Table #1, light scattering measurements 
are made during the time the cloud chamber changes from nucleation to 
growth. Pressure during this compression is given by: 
P(t) = 1564.98T + 926.64 
where t is the time. The pressure during the droplet growing period 
is given by: 
P(t) = 25.133t + 1001.758. 
Supersaturation is defined relative to initial pressure and temperature. 
The attenuation and drop count are taken from the data near the end 
of the growing period. 
RUN NO. 9 OCTOBER 14, 
Initial Temperature = 28.095 
Initial Pressure= 1181.809 
ARGON 
Compression Time = .048 sec 
Generating Superation = 4.72 peak 
P(t) = [U(t) - U(t-.048)](1564.98t + 926.64) 
+ U(t-.048)(25.133t + 1001.758) 
Attenuation = .0617% 








































































RUN NO. 10 OCTOBER 14, 
Initial Temperature = 28.046 
Initial Pressure= 1181.680 
Compression Time = .05 sec 
ARGON 
Generating Supersaturation = 4.80 
P(t) = [U(t) - U(t-.05)](1522.86t + 924.49) 
+ U(t-.05)(25.107t + 1000.633) 
Attenuation = .339% 




















































































RUN NO. 15 OCTOBER 14, ARGON 
Initial Temperature = 28.628 
Initial Pressure= 1181.670 
Generating Supersaturation = 4.8 
P(t) = [U(t) - U(t-.045)](1740. 16t + 923.71) 
+ U(t-.045)(24.87lt + 1002.02) 
Attenuation= .154% 




















































































RUN NO. 16 OCTOBER 14, ARGON 
Initial Temperature = 28.492 
Initial Pressure= 1181.917 
Compression Time = .05 sec 
Generating Supersaturation = 4.8 peak 
P(t) = [U(t) - U(t-.05)](1553.534t + 924.011) 
+ U(t-.05)(25.675t + 1001.404) 
Attenuation= .12% 


























































































RUN NO. 17 OCTOBER 14, 
Initial Temperature = 28.578 
Initial Pressure= 1181.476 
Compression Time = .5 sec 
ARGON 
Generating Supersaturation = 4.66 peak 
P(t) = [U(t) - U{t-.5)]{1776.96t + 927.640) 
+U(t-.5){24.672t + 1016.488) 
Attenuation= .12% 


































































RUN NO. 22 OCTOBER 14, 
Initial Temperature = 28.492 
Initial Pressure= 1180.487 
ARGON 
Compression Time= .109 sec 
Generating Superation = 4.86 peak 
P(t) = [U(t) - U(t-. 109)](1554.922t + 921.403) 
+ U(t-.109)(10.394t + 1090.890) 
Attenuation = .554% 

























































RUN NO. 23 OCTOBER 14, 
Initial Temperature = 28.566 
Initial Pressure= 1180.735 
ARGON 
Compression Time= .107 sec 
Generating Supersaturation = 4.85 
P{t) = [U{t) - U(t-.107)](1614.55t + 921.80) 
+ U(t-.107)(10.32t + 1094.56) 
Attenuation = .25% 




























































RUN NO. 24 OCTOBER 14, ARGON 
Initial Temperature = 28.516 
Initial Pressure= 1180.003 
Compression Time= .11 
Generating Supersaturation = 4.83 peak 
P(t) = [U(t) - U(t-.11)](1533.72t + 921.79) 
+ U(t-. 11)(12.855t + 1090.500) 
Attenuation= .185% 

























































RUN NO. 27 OCTOBER 14, 
Initial Temperature = 28.504 
Initial Pressure = 1180.326 
ARGON 
Compression Time= .135 sec 
Generating Supersaturation = 6.40 peak 
P(t) = [U(t)- U(t-.135)](1798.60t + 885.32) 
+ U(t-.135)(5.262t + 1128.13) 
Attenuation = .246% 

































RUN NO. 29 OCTOBER 14, 
Initial Temperature = 28.591 
Initial Pressure = 1180.455 
ARGON 
Compression Time= .139 sec 
Generation Supersaturation = 4.2 peak 
P{t) = [U{t) - U{t-.139)]{1325.85t + 942.81) 
+ U(t-.139){5.812t + 1127.13) 
Attenuation = .247% 

































RUN NO. 30 OCTOBER 19, 
Initial Temperature = 27.600 
Initial Pressure = 1186.654 
Compression Time = .011 sec 
ARGON 
Generating Supersaturation = 3.93 
P(t) = [U(t) - U(t-.011)](4721.77t + 956.46) 
+ U(t-.011)(10.053t + 1008.40) 
Attenuation = .354% 













































RUN NO. 35 OCTOBER 19, ARGON 
Initial Temperature = 28.009 
Initial Pressure = 1186.590 
Compression Time = .03 sec 
Generation Supersaturation = 4.63 
P(t) = [U(t) - U(t-.03)](2295.76t + 933. 13) 
+ U(t-.03)(11.438t + 1001.99) 
Attenuation= .185% 





































































RUN NO. 6 OCTOBER 20, 
Initial Temperature = 27.402 
Initial Pressure= 1186.719 
ARGON 
Compression Time = .016 sec 
Generating Supersaturation = 5.34 peak 
P(t) = [U(t) - U(t-.016)](3222.73t + 914.68) 
+ U(t-.016)(12.881t + 966.24) 
Attenuation = .0154% 















































































RUN NO. 7 OCTOBER 20, ARGON 
Initial Temperature= 27.526 
Initial Pressure= 1187.310 
Compression Time = .015 sec 
Generating Supersaturation = 5.36 peak 
P(t) = [U(t) - U(t-.015)](3568.1lt + 914.63) 
+ U(t-.015)(13.09t + 968. 15) 
Attenuation = .056% 
Drop Count = 2.69 drops per cc. 
TIME (sec) 
PEAK NO. MAX. MIN. 
1 .050 .059 
2 .069 .076 
3 .085 .096 
4 .107 . 120 
5 .130 . 143 
6 • 157 .169 
7 • 183 .197 
8 .210 .225 
9 .240 .258 
10 .275 .292 
11 .309 • 326 
12 .348 .369 
13 . 391 .412 
14 .437 .460 
15 .483 .507 
16 .530 .551 
17 .575 .601 
18 .631 .660 
19 .689 .719 
20 .750 .780 
21 . 814 .846 
22 .880 .912 
23 .946 .982 
24 1.020 1.056 
25 1.095 1.136 
26 1.167 1.207 
27 1.247 1. 290 
28 1.328 1.366 
29 1. 412 1.459 
RUN NO. 8 OCTOBER 20, ARGON 
Initial Temperature = 27.452 
Initial Pressure = 1186.870 
Compression Time = .015 sec 
Generating Supersaturation = 5.34 peak 
P(t) = [U(t) - U(t-.015)](3683.59t + 914. 17) 
+ U(t-.015)(10.996t + 970.03) 
Attenuation = .0617% 




















































































RUN NO. 5 OCTOBER 25, AIR 
Initial Temperature = 27.006 
Initial Pressure= 1175.143 
Expansion Time = .309 
P(t) = [U(t)- U(t-.309)](1175.14- 861.90t) 
+ U(t-.309)(31.272t + 899.15) 
Attenuation = .0185% 
















































































RUN NO. 5 OCTOBER 25, AIR 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 .924 .958 
26 .990 1.021 
27 1.055 1.091 
28 1.127 1.163 
29 . 1.199 1.239 
30 1.277 1. 319 
31 1.358 1.399 
32 1.444 1.490 
33 1.534 1. 581 
34 1.629 1.674 
35 1. 719 1. 769 
RUN NO. 6 OCTOBER 25, 
Initial Temperature= 27.105 
Initial Pressure = 1175.261 
Expansion Time = .342 sec 
AIR 
P(t) = [U(t) - U(t-.342)](1175.26 - 827.91t) 
+ U(t-.342){32.57t + 880.98} 
Attenuation= .185% 
















































































RUN NO. 6 OCTOBER 25, AIR 
TIME (sec) 
PEAK NO. MAX. MIN . 
25 • 872 .903 
26 .934 .962 
27 .995 1.027 
28 1.061 1.095 
29 1.130 1.164 
30 1.202 1.241 
31 1.278 1. 317 
32 1.354 1. 392 
33 1.432 1.471 
RUN NO. 7 OCTOBER 25, AIR 
Initial Temperature= 27.117 
Initial Pressure= 1174.178 
Expansion Time = .343 
P(t) = [U{t) - U(t-.343)]{1174.18- 822.88t) 
+ U(t-.343)(31.34t + 881. 18) 
Attenuation = .572% 
















































































RUN NO. 7 OCTOBER 25, AIR 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 .869 .894 
26 .923 .956 
27 .988 1. 018 
28 1.051 1.085 
29 1.120 1.154 
30 1.193 1.230 
31 1.266 1.306 
32 1.348 1. 390 
33 1.436 1.482 
RUN NO. 3 OCTOBER 26, AIR 
Initial Temperature = 28.331 
Initial Pressure = 1186.471 
Expansion Time = .36 sec 
P(t) = [U(t) - U(t-.36)](1186.47 - 815.57t) 
+ U{t-.36){20.906t + 885.34) 
Attenuation= .154% 



















































































RUN NO. 3 OCTOBER 26, AIR 
TIME (sec) 
PEAK NO. MAX. MIN. 
26 .836 .863 
27 .889 .919 
28 .945 .974 
29 . 1.004 1.034 
30 1.065 1.095 
31 1.126 1.162 
32 1.195 1.230 
33 1.266 1.303 
34 1.340 1.379 
35 1.415 1.453 
36 1.495 1.536 
37 1.620 1.619 
RUN No. 9 OCTOBER 26, AIR 
Initial Temperature= 29.153 
Initial Pressure = 1186.698 
Expansion Time = .26 sec 
P(t) = [U(t) - U(t-.26)](1186.70 - 903.45t) 
+ U(t-.26)(17.67t + 947.21) 
Attenuation = .0678 





























































































RUN No. 10 OCTOBER 26, AIR 
Initial Temperature= 29.197 
Initial Pressure = 1187.305 
Expansion Time = .274 sec. 
P(t) = [U(t) - U(t-.274)](1187.31 - 863.42t) 
+ U(t-.274)(18.80t + 945.58) 
Attenuation= .154% 
















































































RUN NO. 10 OCTOBER 26, AIR 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 .956 .991 
26 1.027 1.065 
27 1.105 1.144 
28 1.184 1.225 
29 1.268 1. 315 
30 1.360 1.405 
31 1.451 1.497 
32 1.548 1.600 
33 1.653 1.705 
34 1.763 1.820 
35 1.875 1.926 
RUN NO. 11 OCTOBER 26, AIR 
Initial Temperature = 29.296 
Initial Pressure= 1186.720 
Expansion Time = .261 sec. 
P(t) = [U(t) - U(t-.261)](1186.720- 904.14t) 
+ U(t-.261)(17.75t + 946.11) 
Attenuation = 0863% 




















































































25 .936 • 971 
26 1.006 1.044 
27 1.080 1.120 
28 1.159 1.198 
29 1.238 1. 281 
30 1. 326 1. 370 
31 1. 414 1.458 
32 1. 506 1. 552 
33 1.604 1.655 
34 1. 707 1. 758 
35 1. 817 1. 876 
RUN NO. 16 OCTOBER 26, 
Initial Temperature = 30.039 
Initial Pressure= 1186.438 
Expansion Time = .243 sec. 
AIR 
P(t) = [U(t) - U(t-.243)](1186.44 - 936.68t) 
+ U(t-.243)(18.19t + 954.41) 
Attenuation = .203% 
















































































RUN NO. 16 OCTOBER 26, AIR 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 .956 .989 
26 1.029 1.067 
27 1.107 1.145 
28 1.188 1.230 
29 1.273 1.316 
30 1.360 1.408 
31 1.456 1.503 
32 1.553 1.602 
RUN NO. 17 OCTOBER 26, AIR 
Initial Temperature = 29.891 
Initial Pressure = 1187.240 
Expansion Time= .156 sec. 
P(t) = [U{t) - U(t-. 156)]{1187.24 - 985.25t) 
+ U(t-.156){11.51t + 1031.74) 
Attenuation= .142% 























































































RUN NO. 19 OCTOBER 26, AIR 
Initial Temperature = 30.213 
Initial Pressure = 1187.760 
Expansion Time = .161 sec. 
P(t} = [U(t} - U(t-.161}](1187.76- 956.24t) 
+ U(t-.161)(12.13t + 1031.85) 
Attenuation= .148% 























































































RUN NO. 20 OCTOBER 26, AIR 
Initial Temperature = 30.052 
Initial Pressure= 1187.164 
Expansion Time= .151 sec. 
P(t} = [U(t} - U(t-.151}](1187.16- 1018.78t) 
+ U(t-.151}(13.07t + 1031.36) 
Attenuation= .185 
























































































RUN NO. 21 OCTOBER 26, AIR 
Initial Temperature = 30.052 
Initial Pressure = 1188.226 
Expansion Time= .138 sec. 
P(t) = [U(t) - U(t-.138)](1188.17- 1031.10t) 
+ U(t-.138)(10.16t + 1044.53) 
Attenuation= .186% 




















































































RUN NO. 22 OCTOBER 26, AIR 
Initial Temperature = 29.866 
Initial Pressure = 1188.172 
Expansion Time= .16 sec. 
P(t) = [U(t) - U(t-.16)](1188.23- 964.32t) 
+ U(t-.16)(l2.20t + 1031.93) 
Attenuation= .154% 

















































































RUN NO. 23 OCTOBER 26, AIR 
Initial Temperature = 29.829 
Initial Pressure = 1187.338 
Expansion Time= .159 sec. 
P(t) = [U(t) - U(t-.159)](1187.34- 969.21t) 
+ U(t-.159)(12.64t + 1031.22) 
Attenuation = .0925% 


























































































RUN NO. 3 OCTOBER 27, AIR 
Initial Temperature= 28.054 
Initial Pressure = 1186.633 
Expansion Time = .089 sec. 
P(t) = [U(t) - U(t-.089)](1186.63 - 2579.43t) 
+ U(t-.089)(5.09t + 1085.58) 
TIME (sec) 
PEAK NO. MAX. 


































RUN NO. 4 OCTOBER 27, AIR 
Initial Temperature = 28.355 
Initial Pressure = 1187.424 
Expansion Time = .08 sec. 
P(t) = [U(t) - U(t-.08)](1187.42 - 1067.9lt) 
+ U(t-.08)(4.06t + 1101.68) 
TIME (sec) 
PEAK NO. MAX. 












































RUN NO. 8 OCTOBER 27, AIR 
Initial Temperature= 28.813 
Initial Pressure= 1185.831 
Expansion Time= .131 sec. 
P(t) = [U(t) - U(t-.131)](1185.83- 984.67t) 
+ U(t-. l31){10.2lt + 1055.50} 
Attenuation= .178% 














































































RUN NO. 10 OCTOBER 27, AIR 
Initial Temperature = 28.962 
Initial Pressure = 1185.560 
Expansion Time= .119 sec. 
P(t) = [U(t) - U(t-.119)](1185.56- 994.5lt) 
+ U(t-. 119)(10.33t + 1065.98) 
Attenuation = .0925% 





































































RUN NO. 11 OCTOBER 27, AIR 
Initial Temperature = 29.073 
Initial Pressure= 1185.170 
Expansion Time= .10 sec. 
P(t) = [U(t) - U(t-.10)](1185.17- 1014.84t) 
+ U(t-.10)(7.56t + 1076.12) 
Attenuation = .056% 

















































RUN NO. 2 OCTOBER 30, HELIUM 
Initial Temperature = 29.457 
Initial Pressure = 1184.805 
Compression Time = .072 sec. 
P(t) = [U(t) - U(t-.072)](879.95t + 916.05) 
+ U(t-.072)(11.42t + 969. 12) 
Attenuation = .037% 
Drop Count = 10.25 drops per cc. 
TIME (sec) 
PEAK NO. MAX. MIN. 
1 .046 .048 
2 .052 .056 
3 .060 .064 
4 .068 .072 
5 .076 .080 
6 .084 .088 
7 .093 .098 
8 • 103 .108 
9 .113 .118 
10 . 123 .129 
11 .135 .140 
12 • 145 . 150 
13 • 154 • 161 
14 . 167 • 175 
15 • 181 .187 
16 .194 .202 
17 .209 . 217 
18 .225 .232 
19 .239 .247 
20 .255 .262 
21 .269 .277 
22 .286 .295 
23 . 304 . 313 
24 . 322 . 331 
25 . 340 .349 
26 .358 .367 
27 .377 .386 
28 .396 .406 
29 .416 .426 
30 .436 .446 
RUN NO. 3 OCTOBER 30, HELIUM 
Initial Temperature = 29.371 
Initial Pressure = 1184.989 
Compression Time = .07 
P(t) = [U(t) - U(t-.07)](776.22t + 916.26) 
+ U(t-.07)(12.05t + 969.75) 
Attenuation = .031% 
















































































RUN NO. 3 OCTOBER 30, HELIUM 
TH1E {sec) 
PEAK NO. MAX. MIN. 
25 • 349 .358 
26 .367 .376 
27 .385 .394 
28 .404 .414 
29 .424 .434 
30 .445 .456 
31 .467 .478 
32 .489 .500 
RUN NO. 3 OCTOBER 31, 
Initial Temperature= 27.711 
Initial Pressure = 1185.921 
Compression Time = .029 sec. 
HELIUM 
P(t) = [U(t) - U(t-.029)](2111.03t + 918.30) 
+ U(t-.029)(10.8t + 979.20) 
Attenuation = .08% 
















































































RUN NO. 3 OCTOBER 31, HELIUM 
TIME (sec) 
PEAK NO. MAX. MIN . 
25 .230 . 238 
26 .246 .254 
27 .251 .269 
28 .• 277 .284 
29 .292 .300 
30 .308 • 316 
31 .325 .335 
32 .345 .355 
RUN NO. 4 OCTOBER 31, HELIUM 
Initial Temperature = 27.811 
Initial Pressure = 1186.343 
Compression Time = .083 sec. 
P(t) = [U(t) - U(t-.083)](1729.42t + 918.22) 
+ U(t-.083)(1061.95 - 2.21t) 
Attenuation = .2034 






















































































25 . 475 .490 
26 .405 .521 
27 .537 .553 
28 .570 .587 
29 .605 .623 
30 .643 .662 
31 .681 .700 
32 . 719 .737 
33 .759 .780 
34 .801 .822 
35 .843 .864 
RUN NO. 5 OCTOBER 31 , 
Initial Temperature= 27.736 
Initial Pressure = 1185.531 
Compression Time = .08 sec. 
HELIUM 
P{t) = [U(t) - U(t-.08}]{1742.04t + 917.89) 
+ U{t-.08){4.42t + 1056.90} 
Attenuation= .111% 
















































































RUN NO. 5 OCTOBER 31 , HELIUM 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 • 395 .407 
26 .422 .436 
27 .453 .471 
28 .488 .506 
29 .523 .539 
30 .556 • 574 
31 .591 .609 
32 .626 .645 
33 .665 .684 
34 . 704 .724 
RUN NO. 7 OCTOBER 31, HELIUM 
Initial Temperature = 27.810 
Initial Press = 1185.888 
Compression Time = .079 sec. 
P(t} = [U(t) - U(t-.079)](1778.15t + 917.94} 
+ U(t-.079}(1.53t + 1058.29) 
Attenuation= .185% 
















































































RUN NO. 7 OCTOBER 31, HELIUM 
TIME (sec) 
PEAK NO. MAX. MIN. 
25 .535 .553 
26 . 570 .588 
27 .606 .624 
28 .644 .663 
29 .680 .703 
30 .724 .746 
31 .766 . 786 
32 .807 .830 
33 .876 .882 
34 .910 .938 
RUN NO. 6 NOVEMBER 2, HELIUM 
Initial Temperature = 29.098 
Initial Pressure= 1185.152 
Compression Time= .130 sec. 
P(t) = [U(t) - U(t-.130)](1690.22t + 913.03) 
+ U(t-.130)(1134.20- 11.03t) 
Attenuation = .253% 































































RUN NO. 7 NOVEMBER 2, HELIUM 
Initial Temperature = 29.086 
Initial Pressure= 1185.130 
Compression Time = . 130 sec. 
P(t) = [U(t) - U(t-.130)](1694.85t + 916.62) 
+ U(t-.130)(1138.31 - 10.45t) 
Attenuation= .123% 











































































RUN NO. 8 NOVEMBER 2, 
Initial Temperature = 29.049 
Initial Pressure= 1185.195 
Compression Time= .128 sec. 
HELIUM 
P(t) = [U(t) - U(t-.128)](1730.70t + 916.79) 
+ U(t-.128)(1140.30- 15.45t) 
Attenuation = .062% 





































































RUN NO. 9 NOVEMBER 2, HELIUM 
Initial Temperature = 29.012 
Initial Pressure = 1185.412 
Compression Time= .134 
P(t) = [U(t) - U(t-.134}](1650.89t + 918.35) 
+ U(t-.134)(1141.62- 15.29t) 
Attenuation = .333% 








































































RUN NO. 10 NOVEMBER 2, HELIUM 
Initial Temperature = 28.987 
Initial Pressure= 1184.795 
Compression Time= .164 sec. 
P(t) = [U(t) - U(t-.164)](1666.79t + 918.22) 
+ U(t-.164)(1194.41 - 17.29t} 
Attenuation = .031% 
Drop Count = 2.05 drops per cc. 
PEAK NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
TIME (sec) 
MAX. 
.034 
.039 
.046 
.057 
.065 
.075 
.086 
.102 
. 122 
. 146 
• 175 
.208 
.259 
.322 
.385 
.452 
.514 
.566 
.634 
MiN. 
.036 
.043 
.051 
.060 
.070 
.080 
.092 
.112 
• 132 
• 160 
.190 
.227 
.292 
.352 
.418 
.484 
.542 
.590 
.667 
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